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Abstract 
The current status of research on the  feasi- 
b i l i t y  of an open-cycle gas-core nuclear rocket 
engine i s  presented. 
program, reac tor  c r i t i ca l  experiments are being 
conducted, cold- and hot-flow tests nre being per- 
formed, and both experiments and analyses are 
underway t o  deternine canpositions and gas opac- 
i t ies  at reactor conditions. The use of a space 
rad ia to r  may pexmit attainment of a spec i f ic  in- 
pulse ranging from 2500 t o  C500 seconds, f o r  en- 
gine thrust  ranging from 20,OOO t o  4$O,OOO ne8- ' tons and engine pressure ranging f h m  0.5xI.O t o  $ Z X L O S  newtons per square meter. Mission applica- 
t i o n  s tud ie s  show t h a t  this class of rocket en- 
gines are capable of 80-day-roundtrip missions t o  
Mars, with the engine and cannuand module re inser t -  
ed i n t o  the starting o r b i t  a t  Earth. 
In  the  technology research 
I. Introduction 
Vir tua l ly  all ex i s t ing  or proposed rocket 
propulsion engines can be categorized as e i t h e r  
high-thrust systems or high-specific-impulse sys- 
tems. What i s  r ea l ly  needed for  f a s  'nterplane- 
ta ry  t r a v e l  is both charac te r i s t ics , r l f  namely a 
high spec i f i c  impulse and a high engine th rus t -  
weight r a t io .  The charac te r i s t ics  of an open- 
cycle gas-core nuclear rocket engine are examined 
i n  t h i s  paper t o  see tiow c lose ly  it might meet 
these requirements. The cur ren t  s t a t u s  of the re- 
search program i s  reviewed, engine thrust-weight- 
specific-impulse characteristics are estimated 
mint: t he  m o s t  recent results f'rrxt thc research 
studies,  and mission application study results are 
presented t o  show the rocket performance capa- 
b i l i t i e s  of this class of ewines .  
Over the past 10 or 15 years, t he  ~Oal. of  
eas-corx! research has been t o  assess the feas ib i l -  
i t y  of an engine with a specific impulse i n  the  
range 1500 t o  SO00 xconds,  cind a thrust-wei h t  
ra t io  i n  the  r q e  1 t o  10. Both open-cyclef2) 
( u r a n i m  plasma i s  i n  direct c n t ac t  with rocket 
transpamilt b a r r i e r  between uranium plasma anci 
rocket propellant)  concepts are under investi+- 
t ion .  'i'11c upper l i m i t  of 3000 seconds on specif'ic 
impulcc r c - u l t c d  from the use of only re6:enerative 
coolinc '0 remove !,cat deposited i n  various parts 
of t he  cnr:ine structurc.  iiicher spec i f ic  impulses 
would r equ i r e  u spxc rad ia tor  t o  r e j ec t  part or 
all of the waste hcat. Thi: i s  not r e a l l y  zi new 
idea; it w a s  f i rs t  mciitioncd by IkChreLlian ovcr 
t e n  year? w o . ( ~ )  
propellant)  mu c lo~ed-cyc le(3  P (has solid,  cooled 
The results 01' u iicw look  a t  t h i s  olu i d e a  
are presented i n  tiiiz paper. Engine thrus t -  
weight- speci I ic- impulx cha rac t e r i s t i c s  are c -: ti- 
mated Gin(: the  most recciit information from cur- 
r e n t  rescnrch studies tha t  are being conducted 011 
f l u i d  flow, cnscou.: rad innt  hea t  t ransfer ,  and 
renc tor  phyc i c s  pliciiomena r e l a t ed  t o  gas-core rc- 
ac tors .  Rndiator w id l i t  estimates are based on a 
recent study of  radiutor:; for Ihnkinc-cycle space 
power systems.(5) 
impulse of a radiator-cooled gas-core engine i s  
based on an analys is  of t h e  radiant heat f lux  
ZYM Results os a previous gas-core engine 
c tudy  are used t o  obtain the weights of the 
moderator-reflector and the engine pressure 
The new upper l i m i t  on specific 
the ins ide  surface of the  reactor cavity 
shell. (7) 
In  t h e  following sec t ions  of t h i s  paper, t h e  
pr inc ip le  of operation o f  a gas-core engine will 
be b r i e f ly  discussed. 
r e n t  research w i l l  be presented t o  show the bas is  
for  estimates of engine performance chsracteris- 
t i c s  t h a t  are given i n  t h e  next section. Finally, 
results of mission application s tudies  using these 
projected e w i n e  chnrac t e r i s t i c s  w i l l  be present- 
ed. The overa l l  objective of the paper is t o  show 
what a radiator-cooled, open-cycle gas-core en- 
c ine  is, what i s  being done t o  determine i t s  fea- 
s i b i l i t y ,  what engine cha rac t e r i s t i c s  are current-  
l y  projected, and what u t i l i t y  such an engine 
might have i n  space. 
Then the h i g h l i g h t s  of C u r -  
11. Principle of Operation 
Like the solid-core nuclear rocket engine, 
t h e  job of a gas-core eq-ine i n  t o  heat hydrogen 
ailti then expand i t  thro- a nozzle t o  convert t h e  
thermal energy i n t o  thrust. 
higher spec i f ic  impulse than the 825 seconds of 
the  s o l i d  core, a gar corn has t o  produce hotter 
hydrobTn. 
the hydrogen temperature a t  the  nozzle inlet is 
approximately 2500 K. 
i s  required fo r  a specific impulse of 5OOO sec- 
onds. 
f i c  impulses i n  the  range 3000 t o  5OOO seconds 
cannot L e  obtained by simply running solid-core- 
type f u e l  elements a t  a higher temperature because 
tiic uraniw, must be ho t t e r  than the  hydrogen, and 
at. t h c x  elevated tenperatures t h e  f u e l  elements 
w o u l ~ !  z c l t  aria vaporize. 
In  order t o  obtain a 
For a specific impulse of 825 seconds, 
A temperature of 22,000 K 
The temperature levels required for speci- 
The gas-core concept i s  t o  use an incandes- 
cent, rad ia t inc  b a l l  of f i s s ion ing  uraniun plasma 
as t h e  " fue l  element." The nuclear heat released 
within the uranium p l a a  leaves  i t s  surface i n  
t h e  for::. of thermal radiation, or photons. This 
thermal mer= i s  picked up by a surrounding 
stream of hydrogen propellant,  which is then ex- 
pziiided throwti a nozzle t o  produce thrus t .  
i.icure 1 i l l u s t r a t e c  xhematical ly  how t h i s  
Lasic notion micht bc t r ans l a t ed  in to  a rocket en- 
[ iw.  It i s  not m a s o i l a b l e  t o  p ic ture  t h i s  Wnd 
0:' ~ r : ~ ~ l r i c  oz 0 iiuclcar "sun" with the cent ra l  
r ' irebull aid surrounb:ing 1-35 flow cJ:.tnined wi thiii 
a chamber surroulidecl t y  ctructural materials. "he 
analogy i s  not exact, of course, because t h e  heat 
(;eneration i z  due t o  f i s s i o n  rather than fusion. 
l iovever ,  i n  both cases, the  amount of energy tha t  
.'an be eenerntetl in ,  and released frm, the  fire- 
L L U  i c  c-seiiticilly unlimited. There is ,  however, 
(I limitntioii 0 1 1  how much enera can be absorbed by 
the 1.ydroLTt. and t:a-:ied i n t o  thrust without over- 
1 
heating the cavity w a l l  o r  the exhnuzt nozzle. I t  
i s  the  mount of energy t h a t  reaches variou:. 
so l id ,  temperature-limiteu reb;iori. ot' the cne-inc 
tha t  ultimately l i m i t s  the  puwer Penerntion ar:u 
therefore the specific impulse of this ..rind of de- 
vice. 
T h e  proposed reac tor  shown i n  Fig. 1 is ba- 
s i c a l l y  spherical .  It is composed of an outer 
pressure vessel ,  a beryllium oxide moderator, and 
f -na l ly  a porous or s l o t t e d  cavity l i ne r .  Un- 
fortunately,  some of the heat that i s  produced by 
the fissioning uranium f inds  i t s  m y  into these . 
regions. This occurs in  two ways. A small mount 
of the  reactor power, less than 0.5 percent, i s  
t ransfer rcd  t o  the porous wall by thermal radia- 
t ion f r m  the hot gases i n  the reac tor  cavity. 
Approximately 7 percent of the  reactor parer is 
deposited in  the  three so l id  regions of the  re- 
ac tor  due t o  attenuation of high-energy gamna and 
neutron radiation, the hydrogen gas in  the core 
having no capacity t o  in te rcept  and absorb these 
two forms of radiation. This gama and neutron 
heat i s  removed e i the r  by a coolant i n  an external 
space rad ia tor  loop, or regeneratively by the hy- 
drogen propellant before i t  en te r s  the  cen t r a l  re- 
ac to r  cavity. The beryllium oxide region is op- 
e ra ted  a t  a temperature of about 1400 K, which i s  
below the upper materials l i m i t  of approximtely 
1700 K and ye t  above the rad ia tor  temperature of 
ll00 K. 
The hydrogen i s  pumped t o  a pressure of 5 . 0 7 ~  
lo7 t o  2O.34xlO7 newtons per square meter by means 
of a turbopump operated by hydrogen bled frcm an 
intermediate s ta t ion  i n  the propellant c i r cu i t .  
The hydrogen then is  ducted i n t o  a plenum between 
t h e  porous or s lo t ted  Vall and the moderator. 
Appropriate seed pa r t i c l e s  which are about the  
s i ze  of smoke pa r t i c l e s  are introduced i n t o  the  
hydrogen as it enters t h i s  plenum region. The 
seeded hydrogen then flaws through the porous or 
s lo t t ed  wall. Py properly designing the  shape of 
the porous w a l l  and by proper in jec t ion  and d i s -  
t r ibu t ion  of t he  hydrogen f l a w  through th i s  w a l l ,  
a r e l a t ive ly  stagnant nonrecirculating cen t r a l  re- 
gion forms within the  cavity. The cavity is  about 
2.44 meters i n  diameter. The cen t r a l  fuel region 
occupies about 40 percent of the cavity vollnne. 
However t h i s  region may a l s o  contain sane (up t o  
50 a t , $ j  hydrogen tha t  would d i f fuse  i n  fran the  
outer edge of the fuel. 
ume of pure uranium would probably range from 20 
t o  30 percent o f  the cavi ty  volume. 
Thus the "effective" vol- 
Uranium metal is injected in to  this region. 
It  vaporizes and rises t o  temperatures su f f i c i en t  
t o  thermally radiate the energy that is generated 
by the fissioning uranium. A possible fuel in- 
j ec t ion  technique cons is t s  of pushing a very th in  
rod of s o l i d  uranium mtal  through a shielded pipe 
(perhaps made of cadmium oxide) t ha t  penetrates 
t he  moderator. As it enters  the  cavity, the ura- 
nium vaporizes and r i s e s  i n  temperature t o  about 
55,000 K. Reactor s t a r t u p  could be achieved by 
f i r s t  establishing the hydrogen flow. Next ura- 
nium pa r t i c l e s  would be blown i n t o  the dead cavity 
region t o  achieve nuclear c r i t i c a l i t y .  
would then be increased to a level su f f i c i en t  t o  
vaporize the incoming uraniun rod. 
The peer 
The seeded hydrogen i s  heated as it flows 
r ad ia l ly  inward frcm t h e  porous cavity wall by ab- 
sorbing the thermal rad ia t ion  l'ron the cent ra l  
f i s s ioning  uranium f i r eba l l .  'The cavity w a l l s  re- 
ceive on ly  0.5 percent o r  l ess  of the thermal 
rad in t  ion issuing f ran  the  f i r e b d l .  This d 1  
protection i s  accomplished by introducing 5 t o  10 
percent. by weight of a so l id  pa r t i c l e  seeding m a -  
ter ia l ,  such ns graphite,  tungsten, o r  na tura l  
uranium, in to  the hydrogen before i t  en te r s  the 
cavity. Ibis same technique i s  used in  the nozzle 
region t o  reduce the  hydrogen rad ia t ion  heat load 
and the hydrogen temperature near the nozzle w a l l  
t o  to le rab le  leve ls .  Figure 1 shows t h a t  some 
cold seeded hydrogen can be introduced through the 
nozzle w d l s  at  the downstream end of the engine 
i f  i t  is  required. Seed concentrations of about 
20 percent may be required here, somewhat more 
than wns required i n  the cavity. 
the  nozzle cooling gas would tend t o  reduce t h e  
spec i f ic  impulse. 
,, 
The addi t ion  of 
111. Research Promam Sta tus  
The research work being conducted i n  the gas- 
core program falls rather na tura l ly  i n t o  the  three 
ca tegor ies  of reactor physics, f luid flow, and 
heat t ransfer .  The discussion i n  t h i s  section i s  
d s o  divided i n t o  these  categories. Not a l l  of 
the work w i l l  be discussed here. More de ta i led  
and compre ensive 
elseufiere.?2,8,9,JT 
Reactor Physics 
ogram reviews can be found 
Through an  AEC/NASA-kwis interagency agree- 
ment, extensive c r i t i ca l  experiments have been 
ca r r i ed  out by Idaho-Nuclear Corporation. (=,u) 
These experiments have been done for both cy l in-  
d r i c a l  and spher ica l  geametries, and both s o l i d  
(foil) and gaseous (uranium hexafluoride) nuclear 
fuel forms have been studied. These experimental 
masurements have provided a good bas i s  f o r  de- 
veloping r e l i ab le  ca lcu la t iona l  techniques for  ob- 
ta in ing  the c r i t i c a l  mass requirements of cavity 
reactors.  (13) 
After the  reactor computer codes have shown 
good agreement with the  experiments, these same 
codes are then uaed to  predic t  how much uranium 
would be required i n  a rocket reactor.  Results 
from some recent ca lcu la t ions  by the author o f  
Ref. 15 are shown i n  Fig. 2 ,  These ca lcu la t ions  
were performed i n  the same way as described i n  
Ref. 13, but are for a d i f f e ren t  moderator- 
r e f l e c t o r  mater ia l  ( b e r y U u m  oxide) and are for  
somewhat smaller numerical ranges of cavi ty  diam- 
e te r  and modra to r  thickness. A l l  Of the values 
on Fig. 2 are for  a f ixed  fuel region rad ius  that 
is two-thirds of t h e  cavi ty  radius, and f o r  
uranium-235 as thc nuclear fuel. Effec ts  of hot 
hydrogen upscattering on the  neutron spectrum were 
not included i n  these  ca lcu la t ions  for t he  re- 
ac to r  operating conditions of t h i s  study. T h i s  
upsca t te r ing  can be an adverse e f f ec t ,  but t o  in- 
clude it would requi re  a de t a i l ed  r a d i a l  d i s t r i -  
bution of temperature and canposition through the 
engine cavity.  .S tud ie s  are now underway t o  in- 
corporate t h i s  and other e f f e c t s  i n t o  gas-core 
nuclear analysis.  
Figure 2(a)  shows t h a t  c r i t i c a l  mass ranges 
*an Lo t o  35 kFl0gra.m~ for tk cavi ty  diameters 
and moderator thicknesses considered. Larger 
Cavity diameters require l a r g e r  c r i t i c a l  mass, but  
< 
2 
not larger c r i t i c a l  density, as w i l l  be discussed 
in the following paragra@. 
dieter the c r i t i c a l  mass requirement can be re- 
duced (which would e l l a w  engine operation at a 
later pressure) by adding 011 POLT moderaton- 
reflector.  
pressure s h e l l  weight. 
e ra tor  thickness makes t h e  engine heavier, which 
is  an adverse e f f e c t  that could more than o f f s e t  
the reduction i n  pressure shell weight. 
For a constant cavity 
Lower pressure would result i n  a lower 
But the addi t ional  mod- 
1 
For a fixed moderator thickness, an increase 
i n  cavity diameter decreases the c r i t i c a l  density, 
but increases the moderator wight. This i s  
shown i n  Fig. Z(b). I t  t u r n s  out tha t  there i s  an 
''optimum" moderator thickness t h a t  gives a minimum 
c r i t i c a l  density for a given moderator weight. 
This i s  shown in F i g  E(c). The mason f o r  the 
optinnnn moderator thickness i s  a s  follows. When 
the moderator i s  very thin,  neutron leakage be- 
c~mes excessive, and extremely large' diameters are 
required t o  avoid very high c r i t i c a l  densi t ies .  
When the moderator i s  very thick,  i t ' s  weight be- 
came~ large even though small cavity diameters 
are a t t a inab le  without very high c r i t i c a l  den- 
sities. 
For the  pa r t i cu la r  fue l  and moderator con- 
sidered here, Fig. Z(c) shows t h a t  the optimum 
moderator thickness is 0.46 meters. 
f'urther shows that beyond 40,OOO kilograms of 
moderator weight, going t o  l a r g e r  (and heavier) 
c a v i t i e s  causes only a slight reduction i n  c r i t i -  
cal density. 
presented later i n  this paper a x  based on a con- 
s t a n t  moderator-reflector thickness of 0.46 meters. 
Figure Z ( c )  
All of the engine weight estimates 
Fluid Mechanics 
Isothermal f law experiments are being carried 
out under NASA-Lewis support and d i rec t ion  a t  
United Aircraf t  Research Laboratories(l4) and at  
Idaho-Nuclear Corporation. (15) 
The United Aircraf t  work is  aimed a t  obtain- 
ing a f a i r l y  detai led understanding of the factors  
t h a t  Govern the amount of fuel. that would reside 
i n  an engine and the factors  t h a t  govern the f u e l  
loss rate. These experiments are carr ied out a t  
rocrm temperature and pressure. 
simulate t h e  hydrogen i n  an engine, and both a i r  
and fmon are used t o  simulate the fuel. Recent 
experiments using air/air i n  a cy l ind r i ca l  cavity 
have produced qu i t e  favorable results that indi- 
cate  that the e f f ec t ive  fu?l v d m e  might be 20 or 
30 p e r c e n t  of the cavi ty  vollrme f o r  a uranium f l o w  
rate t h a t  i s  less than one percent of the Wdrogen 
flow rate. 
spherical ,  porous-wall p a w t r y .  
A i r  i s  used t o  
Experiments a re  now underway on a 
The Iqtaho-Nuclear Corporation flow studies  
a r e  beiw "onducted i n  two-dimensioncil cavity 
mock-ups tha t  incorporate nc. manJ- of the engine 
f ea tu res  tha t  have an influence on the f lov  ns 
possible.  A photobTaph of the experimental appa- 
r a t u s  is shown i n  Fig. 3(o). Clear a i r  i s  used 
t o  simulate the hydrogen propellant of an engine, 
and s n o b  a i r  or mob  arcon are used t o  simulate 
the gaseous uranium fuel.  
experiment i s  t o  determine what cavity wall shape 
and propel lant  inject ion technique gives the 
l a r g e s t  fuel volume inside the cavity for  the l o w -  
est  he1 f l o u  rote .  The apparatus i s  constructed 
b 
The objective of the 
t o  sllw rapid changes i n  the cavi ty  gartry 60 
t h a t  m u  i&as can be quickly evaluated and tk 
best features retained in subsequent tes ts .  
Figure 3(b) shovs a tk-exposure photograph 
of the flow i n  an air/air test. 
shows the time-averagc, or "smeared out" appear- 
ance of the  f low.  
t h i s  run was 125 tines g rea t e r  than the flow rate 
of the fuel gas. I n  other tests, e i t h e r  the pro- 
pel lant  flow or the fuel f l o w  is turned off  then 
back on, with the other  gas f l o w  held constant. 
These tests provide information about flaw pat- 
te rns  i n  the reactor  cavity during engine s ta r tup  
and shutdown. One series of such experiments 
showed tha t  the propellant flow creates  a pressure 
d i s t r ibu t ion  th rouaou t  the flow f i e l d  t h a t  
counterbalances the tendency of the heavier fue l  
gas t o  "fall" through the propellant. T h i s  6- 
kind of body force e f f e c t  would exist i n  an engine 
i n  space due t o  the accelerat ion of the vehicle 
during f i r i n g .  
would be considerably less (0.01 t o  0.05 "g's'') 
than i n  the experiments, but the absolute dimen- 
sions, ve loc i t ies ,  and density r a t i o s  would also 
be d i f fe ren t .  Both analysis  and addi t ional  ex- 
periments a re  uncknray t o  determine the - ca l ing  
law t h a t  describes t h i s  bouyancy e f f e c t .  
This picture  
The propellant f low rate for 
The engine accelerat ion force 
Hot plasma flow experiments are being con- 
ducted by TAE'A Division of Humphreys Corporation, 
under NASA-Lewis contract support and direc- 
t ion.( l6)  Induction heating is  used t o  simulate 
the heat generation tha t  would occur by nuclear 
f i ss ion  i n  an  engine. Induction heating is  also 
used by United Aircraf t  Res arch Laboratories i n  
t h e i r  closed-cycle s tud ies . f l7)  
The objective of the TAFA work i s  t o  deter-  
mine if heat-generating plasma flows shou the s- 
general flow charac te r i s t ics  as  cold flows, and t o  
develop a technique f o r  non-nuclear simulation of 
Cas-core flow conditions. Figure 4(a) shous a 
schematic of the induction heated test apparatus. 
In the f low visual izat ion portion of t h i s  work, 
transparent walls are used so t h a t  the interact ion 
of the central  plasma with the surrounding cold 
flow can be d i rec t ly  observed, and s t i l l  and mo- 
t i on  pictures  obtained. 
The induction heating simulation research has 
been qui te  productive, and has provided a number 
of posi t ive inputs t o  the  program. A s  a result of 
experiments conducted i n  parallel on a nweber of 
induction heater configurations, i t  i s  n w  pos- 
s ib le  t o  bui ld  a heater tha t  incorporates many im- 
portant engine features  such as a c w e d  porous 
wall,  seeded propellant flow, solid-rod f'uel in-  
jection, a seeded-transpiration cooled nozzle, and 
operation a t  a pressure of 5xlO5 newtons per 
squarc meter. In one megawatt ( e l e c t r i c a l )  heater 
tests, a volumetric heat generation ra te  of 
900 megauatts per cuLic meter was achieved, as  
compared t o  representative engine values which 
'might range from 400 t o  4OOO megawatts per cubic 
meter. 
To care closer t o  the  large s ize  of an en- 
gine i n  these e l e c t r i c a l  simulation experiments, 
part of the work i s  aimcd a t  buildin& l a r g e r  diam- 
e t e r  induction heaters.  Because of the physical 
laws of induction plasma heatin&, l a r g e r  dimen- 
sions require lower e l e c t r i c a l  frequency t o  main- 
t a i n  e f f i c i e n t  coupling between the work c o i l  and 
the plasma. Thus t e s t s  have been carr ied out a t  
successively lower frequencies and l a r g e r  heater 
accomplished, at  power l e v e l s  of approximately 
one megawatt, at  a frequency of 9600 her tz  with a 
20-centimeter diameter heater, and at a frequency 
of 960 her tz  with a 30-centimeter diameter heater. 
Photographs of these two heaters  a re  shown in 
Figs. 4(b) and ( c ) .  Work i s  now underway t o  build 
an induction-heated gas-core simulator t h a t  Kill 
be designed t o  operate a t  a parer l e v e l  up t o  
15 megawatts. 
mine f a c i l i t y  a v a i l a b i l i t y  and modification re- 
quiremnts  t o  provide the e l e c t r i c a l  parer f o r  
such t e s t s .  
&iiameters. aUL.L.=. .JaL~ ". . - - - - - IC 7 operatic.? WBS recently 
Studies are a l so  underway t o  deter-  . 
Heat Transfer 
The heat-transfer problem i n  a gas-core re- 
actor comes dawn to  two requirements. F i r s t ,  the 
reactor  parer leaving the edge of the fuel region 
must be absorbed i n  the  hydrogen propellant.  
ond, th i s  internal  energy must be kept i n  the hy- 
drogen u n t i l  it i s  converted in to  t h r u s t  by a 
nozzle, without an excessive heat load t o  e i t h e r  
the cavity wall or the nozzle. Information on the 
opacity and composition of uranium, hydrogen, and 
seed materials i s  required i n  order t o  determine 
the heat t r a n s f e r  s i t u a t i o n  i n  a gas-core engine. 
Both experimental and theoret ical  st 
underway t o  provide t h i s  infomation?10,18afe 
Sec- 
ies 
Under NASA-Lewis support and direct ion,  ex- 
periments are being conducted at Georgia I n s t i t u t e  
of Technology to  determine what seed material t o  
add t o  the hydrogen t o  make it absorb a t  tempera- 
tures where it m u l d  ordinar i ly  be transparent. 
These experiments involve measuring the attenua- 
t i o n  of a l i g h t  beam as it passes through a mix- 
t u r e  of hot hydrogen and seed material. 
. Figure 5(a)  shows a schematic of the experi- 
mental apparatus, and Ng.  5(b) shows s- recent 
data  for  tungsten-seeded hat hydrogen. Data have 
been obtained at pressures up t o  ID7 newtons per 
square meter and temperatures up t o  2500 K. The 
data show that the addi t ion of a f e w  percent by 
weight of tungsten i n  hydrogen wfll produce a 
mixture absorption cross sect ion ranging f rom 2000 
t o  ID0,OOO square centimeters per gram. The data 
also show that the solid-particle-seeded hydrogen 
becomes more absorptive a t  elevated pressure. 
This i s  a favorable, though unanticipated, charac- 
t e r i s t i c  since the engine i s  a high pressure de- 
vice. 
As will be discussed i n  the following sec-. 
t ion ,  these measured solid-seed absorption cross 
sect ions are high enough t o  provide cavity wall 
thermal protection for spec i f ic  impulses i n  the 
4OOO t o  7000 second range. As the solid-seed- 
bdrogen mixture flws radially inward, its tan- 
perature rises du? t o  the absorption of therm& 
radiation. 
c s l l y  about 1 centimeter), the temperature i s  
high enough that the seed particles vaporize, o r  
e l t  and then vaporize depending on the pa r t i cu la r  
seed material. &a that point on, the absorption 
of radiant  energy is due t o  the opacity of the 
mirturS of seed vapor and the hydrogen. Event- ~ 
W, 8- temperature is reached (45,OOO IC) 
wfrsre tbs hydrogen by itself i s  qui te  absorptive. 
A t  some distance f rom the wall ( typ i -  
I n  t h i s  "opacity window" region where seed 
vapor opacity i s  required t o  absorb the radiant 
energy, we have depended t o  date on theory t o  pro- 
Work i s  now underway a t  Georgia Tech t o  obtain 
experimental data  i n  t h i s  in te res t ing  and import- 
ant  temperature range by using an induction heat- 
er. 
vide estimates nf t.he v n ~ r i z e d  geed n p c i  t.y. 
IT. Projected Enuine Characterist ics 
The l a t e s t  results from the reactor  physics, 
fluid mechanics, and heat- t ransfer  studies have 
been used t o  estimate the charac te r i s t ics  of a 
gas-core engine. These charac te r i s t ics  a re  ex- 
pressed i n  terms of engine weight, th rus t ,  and 
specif ic  impulse. Such r e s u l t s  are  t h e n  coupled 
with mission application s tudies  t o  determine 
which of the avai lable  combinations of thrust-  
weight and impulse are most desirable for  various 
classes  of missions. 
r' 
The important inputs t o  this calculat ion from 
the  research program are as follows. The c r i t i c a l  
density of the uranium a s  a function of the cavity 
dimensions and moderator material i s  taken fran 
Fig. 2.  Based on f l u i d  mechanics work such as 
i l l u s t r a t e d  i n  Figs. 3 and 4, i t  is  assumed that 
the uranium plasma occupies 30 percent of the re- 
ac to r  cavi ty  volume, and that the uranium loss 
rate f rom the engine i s  one percent or less of the 
hydrogen flow rate. Ths opt ica l  propert ies  of the  
solid-seeded hydrogen sre taken from Fig. 5 .  The 
gaseous opac i t i e s  are taken f r o m  theo re t i ca l  re- 
dictions.  A radiant  heat-transfer aaalysis(6P i s  
used t o  determine the mwimum spec i f ic  impulse 
achievable consis tent  with the l imi t a t ion  of a 
cavi ty  wall temperature less than 1000 K 
gine pressure is a dependent variable of the cal- 
culation; it i s  simply the value required t o  have 
a c r i t i c a l  mass of uranlun in the reac to r  cavity.  
The engine weight i s  taken t o  be the sun of 
the three major compmnts- the moderator, pres- 
sure she l l ,  and the radiator .  The weight of the 
spherical press  shcll is b sed on a strength- 
r a d i a t o r  weight i s  calculated w i n g  a u n i t  weight 
of 140 kilograms per megawatt of radiated powcr, 
and on a heat deposit ion rate that is  seven percent 
of the reac to r  power. This i s  tha B(LIPC r ad ia to r  
weight per unit area (19 kilogram per square 
meter of planfolm area)  a s  the vapor f i n  r ad ia to r  
of Ref .  5, but  operated at  ll00 K i n s t ead  of the 
94-5 K used i n  Ref. 5, which affords a factor-of- 
two reduct ion, in  required area and thenfare i n  
The en- 
to-density valw?) of 1.7xlO 4 I-meters/&. The 
weight. . 
The c h a r a c t e r i s t i c s  of an open-cycle gas-core 
rocket engine a m  shown in Fig. 6 f o r  engine tbruat  
levels from 20,000 t o  aver coO,OOO newtons. 
corresponding Valuss or spec i f ic  impulse and engine 
weight are given i n  Figs. 6(a) and (b), respective- 
ly. Engine pressure i s  included as a pareumter 
over a range *an 0.5-8 t o  2 ~ 0 8  newtons per 
square meter. 
are a l s o  labelet+ "low," "nominal," and "high" a 
t a t i o n  t o  be discuesed in the mission appl icat ions 
sec t ion  t o  follw. 
The 
t The three spec i f ic  impulse curves no- 
For th e n t i r e  of t h r u s t  and psEW8, 
specific i.gnilee varies frau 2500 t o  6500 seconds, 
"and engine might varies frau 40,000 t o  210,m 
4 
hilograms. Higher engine pressure a l l o w s  open- 
tion a t  a higher specific impula bectume tbe 
higher pressure makes the gases mre opagoe, but 
it also mnkes the  engine heavier. 
engine can del iver  more spec i f ic  impulse because 
there is  more hydrogen flow far weill  cooling, but 
it also weighs more. A choice of a "best" engine, 
or a best canbination of these engine characteris-  
t i c s  can only be made i n  the context of a specif ic  
mission requirement. 
A higher thrust 
There i s  cer ta inly mre information mquired 
for  a n  engine f e a s i t i l i t y  evaluation than the rel- 
a t ive ly  simple resu l t s  displayed i n  NE. 6. 'Ik 
obvious examples a re  the l imi t a t ion  placed on 
specif ic  impulse by nozzle cooling requirements, 
and the control requirements placed by the engine 
dynamic character is t ics .  I t  is a l s o  c l e a r  that 
large-scale, hot-flou experiments are needed t o  
bridge the gap between the laboratory tests done 
t o  date and the  s ize  and F e r  levels envisioned 
for  an actual engine. 
space r ad ia to r  into a gas-core engine system has 
not yet received any great depth of study, so 
there  i s  surely =re t o  learn i n  this  direct ion.  
The addition of a radiator  has more than doubled 
the spec i f ic  impulse po ten t i a l  of a gas-care e n -  
gine, without adding enough w e i a t  t o  o f f s e t  the 
gain. I f  rad ia ta r  weight could be reduced below 
the values estimated i n  this study, fur ther  engine 
performance improvements could be realized. Sane 
work is  beirq i n i t i a t e d  i n  each of these foregoing 
areas, and i n  addition the basic s tudies  described 
earlier are continuing. 
The idea of incorporating a 
V.  Mission k r f o m c e  Poteii t ial  
A s  previously mentioned, several advanced 
propulsion conce t s  have been ser iously considered 
i n  recent years . r l )  These range fKun high-thrust, 
low-specific-impulse systems such as the sol id-  
core nuclear rocket (SCNR) t o  high-specific- 
impulse, low th rus t  systems such as a nuclear- 
e l e c t r i c  rocket or fusion device. Among these, 
the gas-core nuclear rocket (CCNR) concept des- 
cribed above occupies an intermediate area ( i n  re- 
gards t o  both t h r u s t  and spec i f ic  impulse) a c h  
has not been included i n  p r i o r  canparative per- 
formance s tudies .  It i s  therefore of considerable 
i n t e r e z t  t o  examine the performance of t h i s  sys- 
tem i n  typ ica l  mlssion application. 
Vehicle Zyctem and Mission Profi les  
Upon reviewing I'ic. G, i t  w i l l  be seen t h a t  
the radiator-cooled GLm becolpes progressively 
m o r e  e f f i c i e n t  i n  terms of increasing cpecific im- 
pulse and decrerisinr rpec i f ic  weight, as  the 
thrust l e v e l  i s  r a i s e d .  
vorable mission applications for  it w i l l  be those 
involvi!.,: l a r g e  paylO3dZ and hich propulsive 
eff'ort or . i' requircmcnts. A ~ o u p  oi' "fast" 
manned roundtrip mlsrionc t o  h r s  8 1 1 ~ :  Jovian plan- 
e t c  w x  zamewhat a r i i t r a r i l g  selected t o  z u i t  t h i c  
Iyidel inc.  
Therefore, the  most fa- 
For each mis:iion, the space vehicle, as  i l l u -  
GCNR i n s t d l l a t i o n ,  a colrrnand modulc, payload items, 
j e t t i s o ~ i o b l c  l i qu id  Ilydrogen t a n w e ,  and in te r -  
connectinr: s t ructurc .  The GCNR provides the !'our 
burns required-Earth-orbit escape, planet-orbit  
Capture mid escnpc, i u d  Earth-orbit  capture a t  the 
s s t r a t e d  i n  Fig. 7, consicts basical ly  of a single 
missionls end. Thus, the "coce" vehicle ca;Pris- 
ing the GQiR engine, its uranim storage and sup- 
ply system, the  casmmd mdule, and part of tbc 
bypydrogcn tanlrsge is recovered i n  Earth orbi t ,  pae- 
s d l y  to be re-used. The basic input values and 
data  sources used for mrmerical  calculations are 
indicated i n  Table 1. The output of the calcula- 
tion is  the i n i t i a l  mass i n  e a r t h  o r b i t  (PIE01 of 
the e n t i r e  vehicle,  including the hydrogen pro- 
pel lant .  The  P(E0 i s  calculated as a f'unction of 
t r i p  time f o r  various planetary missions. 
Fast Mars Roundtrips 
T h e  Mars roundtrip mission performance of the 
radiator-GCNR system i s  canpared t o  t h a t  of sev- 
eral a l te rna t ive  engine concepts i n  Fig. 8. I n i -  
tial mass i n  Earth o r b i t  (REO), a rough measure 
of i n i t i a l  cost ,  i s  p lo t t ed  against  the roundtrip 
mission time. 
The upper cume on the f igure i s  for the SCNR, 
and, paralleling previous studies such as Ref. 21, 
shows a very pronounced minimum at  about 500 days 
t r i p  time and 1.5x106 kg. 
gine recoverable mission t r i p  t i m z  below 400 days 
are unobtainable. 
With t h i s  type of en- 
The next curve, f o r  the regenerative-CCNR, 
shows a factor-of-two improvement i n  IMEO and a l s o  
a s ignif icant  broadening of the minimum. A t  the 
1.5x106 k.g IMEO l e v e l  associated with the optimum 
SCNR t r i p ,  t h e  regenerative-GCNR can support a 
mission time of about 250 days-which is  a l so  a 
factor-of-two saving. This, however, i s  the prac- 
t i c a l  l i m i t  of i t s  performance. 
Another factor-of-two performance increment is  
offered by the present concept of a radiator-  
cooled, open cycle GCNR as  i l l u s t r a t e d  by the 
so l id  curve. A t  optimum mission time, the ME0 of 
400,ooO kg i s  only twice the t o t a l  payload. A t  
the 700,000 Q l e v e l  which was minimum f o r  the re- 
Generative engine, the radiator-cooled GCNR now 
yieldc c 250 day mission time. F'urther, the DE0 
curve has ROW f l a t t ened  s t i l l  more, so t h a t  t r i p s  
3 c  short  as  150 days are feas ib le  t o  consider. 
A t  t h i s  point, it should be noted tha t  the 
Mars rtaytime of 40 days has become an appreciable 
f ract ion of the mission time; the Earth/Mars t ran-  
z i t  times are s o  small t h a t  extremely high AV*s 
(and high propellant f rac t ion)  result. 
f icu l ty  i s  mitigated i n  the "Courier" mode by 
usinc all of the avai lable  mission tire f o r  Earth/ 
Mars transits. The basic  BE0 l e v e l  i s  fur ther  
decreased by reducing the Mars payload t o  a negli-  
gible  level .  
rauiator-GCNR's basic character is t ics ,  result i n  
s ta r t l in t -  wrformancc a t  short  mission times. 
Thir IC c h a m  by the aster isked CUIVC a t  the bot- 
t o m  l e s t  of Fic .  8. Trips as  short  a s  15-80 days 
can rcaconnbly bc concidercd under the present 
(-rowiC: r d e z .  
This u i f -  
These measures, added t o  the 
'io complete the comparison, the f i n a l  curve a t  
t h e  lower richt Cives the performnnce of a hypo- 
the t ica l ,  very ad:-anced l o w  thruct  system, e.g. a 
fusion rocket, which may have a spec i f ic  power- 
p l a n t  r ~ s ,  or "a," as  l o w  as  1 &/k. 
i'ic impulse can be ext-ly h i &  and, fo l lov i tq  
customary l o w t h r u s t  practice,  i= optimized for  
rwry mission s h m .  In the courier mode, this 
Its speci- 
system yields  extremely l o w  IMEO's a t  mission 
times greater  than 250 days. 
disappointing, however, i n  the area of very rapid 
t r i p s .  This i s  because, despite i t s  low a, it i s  
s t i l l  a low thrus t ,  power-limited system. 
when thrust ing continuously, it must resor t  t o  
comparatively l o w  Isp i n  order t o  meet the ac- 
celeration, velocity, distance and time require- 
ments of t h i s  c lass  of mission. Therefore it can- 
not take advantage of i t s  extremely high ISp PO- 
t e n t i a l .  
I ts  performance i s  
Even 
The radiator-GCNR, on the other hand, i s  . 
ISp-limited ( r e c a l l  f i g .  6 ) .  Per un i t  of th rus t  
or j e t  power, however, t h i s  i s  a very light weight 
propulsion system i n  comparison with any known 
e l e c t r i c  or fusion rocket concept. Thus, it i s  
possible t o  use enough thrust t o  hold burn time 
to ,  say, two or three days t o t a l  out of an 80 day 
mission, and the system's f u l l  Isp potent ia l  can 
be u t i l i zed .  A s  a point of i n t e r e s t ,  one may com- 
pute an "equivalent a" for  the GCNR by dividing 
the engine masses shown i n  Fig. 6 by t h e i r  asso- 
c i a t ed  values of j e t  k ine t ic  power i n  kilowatts. 
The result, for  the data  covered i n  Fig. 6 i s  tha t  
a ranges from 0 . 0 1 t o  0 .1  kg/kw-which i s  roughly 
two orders of magnitude b e t t e r  than the best  ever 
estimated for  an advanced lar t h r u s t  system. 
In  summary, Fig. 8 demonstrates an unique 
mission capabi l i ty  o f  the present radiator-GCNR 
concept: Mars manned round t r i p s  i n  l e s s  than 
three months. No other known a l te rna t ive  concept 
can duplicate t h i s  performance. Preliminary cal-  
culations,  not i l l u s t r a t e d  i n  Fig. 8, indicate  
that e s sen t i a l ly  the same r e s u l t  i s  found for  m i s -  
s ions t o  Mercury, Venus, and representative as te r -  
oids. 
Uranium and Kydrogen Requirements 
The W O 1 s  shown on Fig. 8 a re  a rough meas- 
u r e  of the space vehicle systems i n i t i a l  cost. 
This excludes development but  does include the 
f i r s t  mission use. 
the mission mode being considered here involves a 
re-usable core vehicle which i s  parked i n  a low 
Earth orb i t  a t  the mission's end. To re-use t h i s  
vehicle,  it i s  necessary t o  replace the propel- 
l a n t s  and the je t t isoned payload; these items ba- 
s i c a l l y  uetermine the cost  of  the second and sub- 
sequent uses of a given vehicle.  
But as pointed out previously, 
The uranium and hydrogen requirements fo r  the  
previots ly  i l l u s t r a t e d  radiator-GCNR Mars mission 
are  shown i n  Fig. 9. The three so l id  curves show 
the uranium requirements for  the Science/ 
Exploration mission mode a t  several  hydrogen/ 
uranium flow ra t ios .  The aster isked curve shows 
the courier mission's requirements a t  a flow r a t i o  
of 200/1. 
requirement i s  multiplied by the flow r a t i o  t o  ob- 
t a i n  the hydrogen requirement. 
In  each case, the indicated uranium 
For exaxple, the 80 day Mars courier mission 
mentioned previously would require about 3350 kg 
of uranium and 3550x200 or 670,000 kg of hydrogen. 
These amounts t o  about 314 of the 900,000 kg IMEO. 
A t  longer t r i p  times, the uranium and hydrogen re- 
quirements a re  much smaller, and are  a l s o  smaller 
f rac t ion  (e.g.  25 percent) of the IMEO. 
It i s  of in te res t  t o  note, per the dotted 
curve, tha t  the GCNR's uranium requirement f o r  one 
mission may be considerably l e s s  than the amount 
invested i n  the case of a SCNR. When considering 
re-use mission, however, it must be noted that the 
SCNR can probably be re-used several  times with- 
out adding uranium, whereas the SCNR's uranium 
must be replaced for  every mission. Allowing for  
t h i s ,  it appears t h a t  flow r a t i o s  in  the 20011 t o  
40011 range a re  needed i f  the GCNR i s  t o  be com- 
pe t i t ive  with the SCNR on the basis  of uranium 
costs per average mission. This i s  not an in-  
s ignif icant  point,  since 1000 kg of uranium (per 
f i g .  9 fo r  150-day Mars courier)  t i m e s  roughly 
$lO,OOO/kg equals $10,000,000 worth of uranium per 
mission. S t i l l ,  the  uranium cost i s  not dominant, 
when compared t o  a launch cost tha t  might range 
from $44,000,000 t o  $440,000,000 for  the 200,000 
kg of hydrogen propellant required f o r  each round- 
t r i p ,  based on a uni t  launch cost  ranging from 
$220 per kilogram ($100 per pound) t o  $2200 per 
kilogram ($1000 per pound) of  mass i n  orb i t .  
Selecting an Init ial-Desian Goal 
The preceding r e s u l t s  are based on using Op- 
timum thrus t  l e v e l s  f o r  each mission time and en- 
gine combination. The optimum values for  the pre- 
sent radiator-GCNR concept ( a s  defined by the 
fig. 6 data) a re  shown as  a f m c t i o n  of round t r i p  
time i n  Fig. 10. It appears tha t  a t h r u s t  i n  the 
range of 70,000 t o  90,000 newtons (roughly, 15,000 
t o  20,000 pounds) would be most sui table  if low- 
IMEO missions a re  desired. For the very f a s t  mis- 
sion emphasized i n  the preceding sections,  huwever, 
a, ra t ing  of 112,000 t o  224,000 newtons (25,000 t o  
50,000 pounds) seems t o  be more appropriate. 
The e f f e c t  of using fixed, non-optimum thrus t  
l e v e l s  i s  displayed i n  Fig. Y, where IMEO i s  
p lo t t ed  against  t h r u s t  for  two representative m i s -  
sions. For the 80-day mission, it appears t h a t  
any t h r u s t  ra t ing  between 100,000 and 250,000 
n.mil. y ie ld  e s s e n t i a l l y  optimum performance. The 
400-day mission, s imilar ly  i s  l i t t l e  penalized for  
using a t h r u s t  as  la rge  as  225,000 n. A r a t i n g  of 
about 150,000 N seems t o  be a good compramise be- 
tween these two missions i f  both a re  of i n t e r e s t .  
On the other hand, it has been found t h a t  
radiator-GCNR vehicles with higher-than-optimum 
thrusts a r e  r e l a t i v e l y  insensi t ive t o  Isp pen- 
a l t i e s .  This i s  displayed i n  Fig. 1 2  where IMF.0 
i s  p lo t t ed  against  Isp and thrust l e v e l  for  the 
80-day courier mission. Notice t h a t  the I, 
scale  i s  not numbered, but merely consis ts  og 
three points  l abe l l ed  "low, 'I "nominal" and "high. 'I 
These adject ives  r e f e r  t o  s imilar ly- label led por- 
t ions  of the Fig. 6 engine data. A s  previously 
explained, the "low" and "high" f igures  are  be- 
l i eved  t o  represent comparable perturbations for  
each engine s ize  about i t s  nominal spec i f ic  im-  
pulse. The U 2 , O O O  N. engine, which nominally 
operates a t  a lower Isp l e v e l  than the l a r g e r  
engine, i s  c l ea r ly  the  more sensi t ive t o  an 
decrement. 
provis ional ly  chosen the 224,000 newton (50,000 
pounds) t h r u s t  engine as being the most appro- 
p r i a t e  f o r  fur ther  more de t a i l ed  study and design 
analysis  . 
Multimission Performance 
I sp  
Based on these considerations, we have 
Up t o  t h i s  point,  we have emphasized the 
manned Mars mission i n  our discussion. This was 
1 
6 
par t ly  because of the radiator-(X31R1s really 
s t a r t l i n g  pcrfo-ce potential for thie mi6sion- 
e.g. a Knmd t r i p  i n  80 days. 
mission, having been extensively studied and a s -  
cussed in the latter 1960'6, should be a f.millm 
s t a r t i n g  paint  for mst readers. But a radiator- 
MXR engine, once developed, could be used t o  
great  advantage i n  maqy other  applications as 
well. 
t h a t  unpublished L e R C  calculations indicate  the 
radiator-CCNR i s  also very e f fec t iye  f o r  missions 
t o  all of the  nearby planets and asteroids,  not 
must Mars. 
Also, tht Mars 
For instance, we have already mentioned 
I 
A second, and s ignif icant ly  d i f fe ren t  c lass  
of possible missions for the  radiator-CCNR, con- 
sists of round t r i p s  t o  the  major planets-Jupiter,  
Saturn, Uranus and Neptune. 
considerable s c i e n t i f l c  in te res t  i n  their own 
right-e.g., because of t h e i r  distance f r o m  the 
Sun, and because they are physically and chemi- 
cal ly  so di f fe ren t  fram the  Ear th .  
these planets  posess extensive lunar systems W C Q  
col lect ively,  account for most of the potent ia l  
manned planetary Landing sites in the  s o l a r  sys- 
tem. 
These planets are of 
+reaver, 
To evaluate the radiator-GCNRls multi-mission 
performance po ten t i a l  for t h i s  CLMS of objectives, 
we chose the 224,000 newton engine suggested i n  
the preceding section. This was used as the sole 
pwerplant  for the  range of major planet mission 
results displayed i n  Fig. U. As i n  the e a r l i e r  
plots ,  lME0 is presented as a function of mission 
time. The Science/Exploratian mission made with 
200 days s tay  time is used for ell but the fastest 
t r i p s  sham f o r  each planet; those use the  courier  
mode. 
A pecu l i a r i t y  of major planet round t r i p s  
discussed i n  Ref. 19 is t h a t  feasible t r i p s  occm 
only a t  d i s c m t e  in te rva ls  (of 12 t o  U months). 
Thus, only the "data points" sham i n  Fig. I3 rep- 
resent  mal missions, the connecting l i n e s  serve 
merely t o  gmup the plylets and to indicate  trends.  
Consider first the Jup i t e r  mission results, 
shown i n  Fig. l3. Using the courier  mode, a 600 
day or 1.67 year round t r i p  can be made f o r  an 
IMEO of about 1.3x106 kg. A t  the next feasible 
t r i p  t ime,  lo00 days or 2.75 y e a r s  the  Science/ 
Exploration modc requires under lo6 kg which is 
comparable t o  the Mars mission results. For 
Saturn missions, we f ind  approximately the same 
IMEO's but a t  400-days larger t r i p  t ime .  
sults f o r  Uranus and Neptune are discouraging, 
however, and w e  suspect that an a l t e rna t ive  engine 
with hif ier  Isp (e.,;., a nuclear-electr ic  or 
fusion rocket)  would be more sui table .  
The re- 
In brief,  t h i s  data indicates  that courier 
and Science/Exploration missions t o  Jupi te r  and 
Saturn can be made for  IMEOls uhich axe c a p a r a b l e  
t o  the correspondin(: Mars-mission results. The 
associatcd mission times, harever, arc considerably 
lnrger- in  r o d 1  proportior, t o  the great ly  increased 
the Jup i t e r  and Saturn missions are not such an 
appealinc or spectacularly favorable application 
a s  were the  fast near-planet t r i p s .  Nevertheless, 
these mizcions may eventually prove t o  be of very 
G r e a t  c z i e n t i f i c  interest ,  and when added t o  tk 
missions discussed e a r l i e r ,  they indicate  that the 
# Earth-to-planet t r a v e l  distances. %cause of t h i s ,  
radiator-GCRR engine could serve .II th? basis of 8 
t r u l y  versatF1c, recoverable rdt imf6SiOa spaoc 
exploration system. 
VI. Conclusions 
Research studies re l a t ed  to an open-cycle gas- 
core nuclear rocket engine faU i n t o  the  general 
categories of reactor  physics, f l u i d  mechanics, 
heat t ransfer ,  engine systems, and mission appli- 
cations.  The c u r r e n t  research work includes zero 
power reactor  c r i t i c a l  experiments; cold-flow and 
hot-flou f l u i d  mechanics experiments; gag opacity 
and composition experiments and analyses; pro- 
jec t ions  of engine thrust-weight-specific-impulse 
character is t ics ;  and mission appl icat ion studies.  
The work t o  date indicates  the following conclu- 
sions. 
1. The use of a space r ad ia to r  t o  r e j e c t  waste 
heat increases the spec i f ic  impulse po ten t i a l  t o  
7000 seconds, fmm the previous limit of 3000 sec- 
onds avai lable  i f  only regenerative codling is 
used. The 7000 second limit is placed by * 
a b i l i t y  t o  thermally protect  the cavi ty  w a l l .  
2.  There w i l l  be less than one percent by mass 
uranium i n  the h y m e n  propellant exhausted frcun 
the engine. 
3. For engine thrust ranging from 20,OOO t o  
400,OOO newtons and engine pressure wing from 
0.5x108 t o  2xU8 newtons per square meter, the 
maximnu specif ic  impulse was found t o  range rrOm 
2500 t o  6500 seconds. The corresponding range of 
engine weight, including the radiator ,  i s  present ly  
estimated t o  be frcm 40,OOO t o  210,000 kilograms. 
4. Mission application s tudies  show that an 
engine ref lec t ing  t h i s  technology would y i e ld  out- 
standingly good performance for  a wide range of 
interplanetary dest inat ions and round-trip times. 
It i s  especial ly  sui table  f o r  very f a s t  round 
t r i p s  t o  nearby planets-e.g., the  80-day Mars 
courier-and in  such applications it outperforms 
a l l  conceptually-known competition by a la rge  mar-  
gin.  
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Commant: module" . . . . . . . . . . . .  
Expendables . . . . . . . . . . . . .  
Hydrogen tankage * . . . . . . . . . . .  
In t e r s  tage s tr uc t w e  * . . . . . . . . .  
Thrust s t ructure* . . . . . . . . . . .  
Parking o r b i t s  . . . . . . . . . . . .  
Payload t o  p a n e t *  . . . . . . . . . .  
GCNR i n s t a l l a t ion  . . . . . . . . . . .  
Propulsive e f f o r t  . . . . . . .  idea l  
Propellant f rac t ion  . . . . . . . . . .  
. . . . . . . . . . . . . . . . .  50 000 kg (all mission) 
. . . . . . . . . . . . . . .  20 percent of  hydrogen mass 
. . . . . . . . . . . . . .  2 percent of transmitted load 
. . . . . . . . . . . . . . . . . . .  5 percent of t h rus t  
per f igure 6 ( includes yanium storage and supply system) 
. . . . .  600 km c i r cu la r  a t  Earth; high e l l i p s e  a t  planet 
AV; from re f .  19; gravity-loss correct ions Cg from re f .  20 
. . . . . . . . . . .  1 - e q  (per  maneuver) 
150,000 kg (Science/Exploration modej 0 kg (courier  mode) 
50kg/day . . . . . . . . . . . . . . . . . . . . . . . .  
( -nvixcg/Ispg) 
*Arbitrary values, estimated from p r io r  manned-Mars mission s tudies  such as Ref. 21. 
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Figure 2. - Criticality require- 
ments of a beryllium-oxide- 
moderated, spherical gas-core 
reactor; for  a fuel-to-cavity 
radius ratio of 0.67, and a 
0.63 centimeter graphite 
cavity l i ne r  containing 5 per- 
cent niobium. 
(a) Photograph of apparatus. 
(bl Air-air smoke test at mass flow ratio of 12511. 
Figure 3. - Curved porous wall flow experiment. 
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(b) 9600-Hertz, 20-centimeter 
diameter test section. 
( c )  960-Hertz, 30-centimeter 
diameter test section. 
Figure 4. - Induction - heated flow experiments, 
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Figure 6. - Gas-core engine weight and specific 
impulse. 
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Figure 8. - Effect of Mars  round t r i p  mission 
time, for  various nuc lear  rocket engines. 
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Figure 9. - Total uranium propellant requirements 
for radiator-cooled GCNR and SCNR Mars round 
trips. 
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Figure 10. - Optimum thrust levels for radiator 
cooled gas core nuclear rockets (Mars round 
trips). 
1. 3x106 
2 . 9  c \ 80DAY COURIE 
400-DAY SClENCElEXPLORATlON -5 - 
.31 I 
50 100 150 
THRUST, NEWTONS 
Figure 11. - Effect of th rus t  level on  IMEO for Mars round- 
t r i p  missions. (Radiator-cooled GCNR per f igure 6, 
nominal ISP). 
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Figure 12. - Effect of attainable specific im-  
pulse of radiator-cooled GCNR (80 day Mars  




0 SCIENCEEXPLORATION (2lW DAY STAY) 5x106 
I MAJOR PLANR 
NEPTUNEn 
I I I I I I I 
2 3 4 5 6 7 a 9 
MISSION TIME, YR 
Figure l3. - Major planets round tr ip missions 224 OOO Newton 
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